Transcript profiling during susceptible (S) and hypersensitive response-associated resistance (R) interactions was determined in soybean (Glycine max). Pseudomonas syringae pv. glycinea carrying or lacking the avirulence gene avrB, was infiltrated into cultivar Williams 82. Leaf RNA was sampled at 2, 8, and 24 h postinoculation (hpi). Significant changes in transcript abundance were observed for 3,897 genes during the experiment at P ≤ 0.000005. Many of the genes showed a similar direction of increase or decrease in abundance in both the S and R responses, but the R response generally showed a significantly greater degree of differential expression. More than 25% of these responsive genes had not been previously reported as being associated with pathogen interactions, as 704 had no functional annotation and 378 had no homolog in National Center for Biotechnology Information databases. The highest number of transcriptional changes was noted at 8 hpi, including the downregulation of 94 chloroplast-associated genes specific to the R response. Photosynthetic measurements were consistent with an R-specific reduction in photosystem II operating efficiency (Φ PSII ) that was apparent at 8 hpi for the R response with little effect in the S or control treatments. Imaging analyses suggest that the decreased Φ PSII was a result of physical damage to PSII reaction centers.
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Plants have evolved resistance (R) genes that recognize the presence of avirulent (avr) gene products released by bacterial, fungal, and viral pathogens (Bonas and Lahaye 2002) . This specific but sometimes indirect (Rooney et al. 2005) recognition triggers a rapid, incompatibility resistance response that results in rapid production of antimicrobial compounds, such as reactive oxygen species (ROS), catabolic enzymes, and toxic chemicals, effectively putting an end to pathogen invasion and preventing further disease development (Doke 1983; Hammond-Kosack and Jones 2000; Mahalingam and Fedoroff 2003) . If the attacked plant lacks a specific R gene capable of recognizing the presence of an Avr protein from the pathogen, the signaling of defenses may be less rapid and less robust, allowing the pathogen greater opportunity to overcome the defenses and possibly lead to a susceptible interaction and disease development (Lamb and Dixon 1997; Tao et al. 2003) . Successful triggering of the incompatible resistance reaction may lead to the hypersensitive response (HR) and programmed cell death (PCD); however, mutation in the gene DND1 (ion-channel CNGC2) has shown that it is possible for plants to activate an incompatible resistance response in an avr/R gene-specific manner without provoking PCD (Clough et al. 2000; Yu et al. 1998) . Likewise, the R gene Rx in potato specifically recognizes potato virus X coat protein to induce rapid resistance without HR-associated PCD (Bendahmane et al. 1999) .
Although the Arabidopsis thaliana-Pseudomonas syringae interaction has been a model system to study plant-pathogen molecular interactions (Quirino and Bent 2003) , some of the first molecular studies on plant-pathogen interactions involved P. syringae and the plant host soybean (Glycine max). For example, the first avr gene to be cloned from any plant pathogen was avrA, isolated from P. syringae pv. glycinea based on differential interactions on several soybean cultivars (Staskawicz et al. 1984) . The cloning of two additional P. syringae pv. glycinea genes that induced avirulence on soybean, avrB and avrC, quickly followed Staskawicz et al. 1987; Tamaki et al. 1988) .
The genome sequence of P. syringae suggests approximately 50 or more secreted proteins that may serve as potential avirulence factors on various hosts. Interestingly, several avirulence factors have been proven to be associated with pathogen fitness functions and enhanced virulence when not efficiently recognized by the host defense system Jamir et al. 2004; Kearney and Staskawicz 1990; Vivian and Gibbon 1997) . Cognate resistance gene partners have been identified between P. syringae pv. glycinea avr genes and soybean R genes. P. syringae pv. glycinea carrying avrA provokes an HR on soybean lines carrying dominant RPG2 Tenhaken 2000, 2001; Seehaus and Tenhaken 1998) , whereas avrB provokes HR if paired with RPG1 (Ashfield et al. 1995; Staskawicz et al. 1987) , the first resistance gene to be cloned from soybean (Ashfield et al. 2004) .
Plant microarrays allow for the analysis of tens of thousands of genes simultaneously and can provide an insight into gene induction during a pathogen attack (Wan et al. 2002) . Examining transcriptional response to P. syringae, Scheideler and associates (2002) used cDNA arrays comprising 13,000 unique expressed sequence tags (EST) to examine the transcriptional changes occurring during the interactions between A. thaliana and P. syringae pv. tomato carrying the avirulence gene avrRpt2. Tao and associates (2003) monitored approximately 8,000 genes for expression change in A. thaliana for response to P. syringae and suggested that, on a genome-wide scale, the HR induces genes more robustly and more rapidly than those induced during infection with compatible, virulent strains.
Many of the tools of the plant genomic era were developed originally in the model plant A. thaliana. However, genomic tools are available today for the study of economically important crop plants such as soybean, an agro-ecosystem that occupies approximately 30 million hectares in the United States and has an approximate value of $18 billion (United States Department of Agriculture 2001). Large-scale transcript profiling comparisons between susceptible and HR-associated resistance in soybean to P. syringae pv. glycinea or any other pathogen can now be determined. We used soybean cDNA microarrays (Vodkin et al. 2004) to assay the differential expression of 27,648 genes in HR-associated resistant (R) versus susceptible (S) responses by monitoring transcript levels in soybean inoculated with P. syringae pv. glycinea carrying or lacking avrB.
Our analysis indicates that differences between R and S responses reflect quantitative differences in the levels of thousands of gene transcripts, thus identifying a putative defense role for many of them, including several hundred that have no current functional annotation. Furthermore, our data support that photoinhibition may contribute to the HR-associated R response. Nearly 100 putative nuclear-encoded chloroplast genes were specifically down-regulated, and fluorescence measurements indicated a corresponding downregulation of photosystem II (PSII) operating efficiency and an increase in nonphotochemical quenching during the HR-associated R response.
Defense to a pathogen has been characterized as involving three phases: induction, effector, and degradation (Jabs 1999) . The induction stage (Phase I) involves the priming of defenses and is associated with an initial short-lived, weak oxidative burst that can be induced by a wide variety of stresses involving nonspecific biotic and abiotic elicitors. The effector stage (Phase II) modulates the response to the initial stress by reducing or amplifying signals, such as the production of an additional, stronger, secondary oxidative burst that is specific to HR-associated R interactions, leading to (or not) Phase III, degradation in the form of PCD, which is postulated to occur only if sufficient defense signaling events have transpired during the first two phases. In soybean, Phase I occurs during the first 2 h following association with a pathogen and Phase II begins at about 3 h postinoculation (hpi) and lasts until about 10 hpi or longer (Lamb and Dixon 1997) . Phase III occurs by 24 hpi and is accompanied by dark brown pigmentation and necrosis (Ashfield et al. 1995) . Therefore, to compare soybean response to both S and HR-associated R reactions, we assayed leaf transcript levels at timepoints 2, 8, and 24 hpi (also referred to as samples T2, T8, and T24 respectively).
RESULTS

Symptom development.
To maximize the number of plant cells in contact with the bacteria, leaves were vacuum-infiltrated with inoculum. We
Fig. 1. Symptoms at 24 h postinoculation (hpi) in plants inoculated with
Pseudomonas syringae carrying or lacking avrB. The hypersensitive response-associated resistance (R) response was induced in the leaf tissue and cotyledons. Plants inoculated with a virulent strain of P. syringae lacking avrB were susceptible (S) and showed no obvious symptoms within 24 hpi. Similar results have been previously reported (Ashfield et al. 1995) . The slight epinasty was due to the handling of plants during photographing. Fig. 2 . Loop design used in microarray studies. Each arrow represents one microarray slide and connects the two individual samples hybridized to it. A total of 14 hybridizations involving 10 samples from different timepoints and treatments were used in this study for each of three cDNA libraries. R = resistant, leaves infiltrated with Pseudomonas syringae pv. glycinea carrying avrB, S = susceptible, leaves infiltrated with P. syringae pv. glycinea lacking avrB, MgCl 2 = leaves infiltrated with 10 mM MgCl 2 solution. The numbers in the circles indicate hours postinoculation.
observed that the pairing of RPG1 and avrB induced an HRassociated R response, as evident by browning and necrosis of the leaf tissue within 24 h (Fig. 1 ) similar to that reported earlier (Ashfield et al. 1995) . However, it should be noted that the R response did not lead to complete death of the entire leaf tissue within 24 hpi. Much of the leaf tissue remained green and did not entirely collapse (Fig. 1) . In contrast, in the S interactions, in which avrB was not present, as well as in control plants infiltrated with 10 mM MgCl 2 , no symptoms were observed within 24 hpi (Fig. 1) . No visible symptoms were present at 2 or 8 hpi for any of the three treatments.
Identification of 3,897 differentially expressed genes throughout the experiment.
The experimental design (Fig. 2) and statistical data analysis provided a P value corresponding to the significance of the differential expression of each gene during the entire experiment as well as during pair-wise comparisons of any two specific treatments within the experiment. Therefore, to generate lists of significantly differentially expressed genes, we utilized two selection criteria. The first criterion was a P value less than 0.000005 over the entire experiment, equivalent to an experiment-wide false-discovery rate (FDR) of 0.138 (27,684 spots × 0.000005). This criterion allowed for selection of 3,897 genes, of the 27,684 screened, as being significantly differentially expressed during the course of the experiment. Secondly, we set a P value cutoff of 0.0001 for the specific pair-wise comparison of the treatments. Only genes that met both criteria, overall P < 0.000005 and specific comparison P ≤ 0.0001, were deemed significantly differentially expressed.
Common stress response among T2 samples.
Vacuum infiltration water-soaked the leaves and therefore exposed a high number of plant cells to inoculum, but it also elicited an effect on gene transcription. Comparing T2 MgCl 2 -infiltrated samples to T2 null (untouched) control plants that were not inoculated or subjected to vacuum infiltration revealed that 172 gene transcripts (P ≤ 0.0001) were significantly altered in abundance at 2 hpi by the stress of infiltration (Fig. 3A) . Interestingly, most of the identified gene transcripts were increased (95%), with only 5% reduced in abundance. More than one fourth of these genes were undefined, as their sequences either failed to find a homologous hit or were homologous to genes annotated as 'unknown'. The top categories (ignoring unknown, miscellaneous, and no hits) showing significant transcript increase and listed in order of frequency were: signaling, primary metabolism, DNA/RNA, defense, membrane, stress, protein, and cell wall and development. Genes included were putative calmodulins (AI460551, AW278834, and AI437703), calcium-dependent protein kinase (AW432503), WRKY family transcription factors (AW133440, AW396234, AW459004, BE021550, and AW458543), AP2-related transcription factor (AW233956), peroxidases (AW666030, AI442651, and AW278321), leucine-rich repeat (LRR)-types (AW756306, AI973594, and AW234414), and a 14-3-3-like protein (AI965330). Fig. 3 . Bar graphs indicating relative number of differentially expressed genes. Black bars indicate the number of genes whose RNA levels were significantly increased and white bars indicate decrease in abundance. R = hyprsensitive response-associated resistance, S = susceptible response. A, T2 MgCl 2 versus T2 null. B, R and S are significantly different from MgCl 2 , but R is not significantly different from S. C, R and S are significantly different from MgCl 2 , and R is significantly different from S. D, R and S are significantly different from MgCl 2 , but R is not significantly different from S. E, R and S are significantly different from MgCl 2 , and R is significantly different from S. F, S is significantly different from R and MgCl 2 . G, R is significantly different from S and MgCl 2 . H, R is significantly different from S and MgCl 2 .
Phase I: R-and S-specific expression.
It was difficult to identify genes specifically altered by the bacterial pathogens in the T2 samples using the P value cutoff of 0.0001. In addition to the effects of infiltration on gene expression at this early timepoint, few cells would be responding to P. syringae pv. glycinea as the molecular interactions were just beginning to take place. Therefore, transcripts of only one gene (AW119629, no hit) were detected as being significantly increased at a P ≤ 0.0001 in RNA abundance in R versus the control, and only one gene transcript (AW306798, partially homologous to a fructokinase, up in abundance) was significantly differentially expressed in S versus control. To identify the most likely gene candidates whose transcript levels were affected specifically by the bacterial pathogens during Phase I of the interactions, when these transcript changes were more subtle, it was necessary to lower the criterion of selection to a P ≤ 0.005. At this significance level, 52 gene transcripts were increased or reduced in the S but not the R interaction, whereas 27 gene transcript levels were altered in R but not in S, and 11 genes were identified as being altered in abundance in both R and S compared with the MgCl 2 control. The results revealed a higher abundance of RNA homologous to genes encoding heat-shock proteins in both R and S than the MgCl 2 -infiltration control. Also noted was a greater abundance of five glutathione S-transferase (GST) sequences (AW704357, AW508224, BE019990, AW100840, and AI441991) in the S than in the R samples.
Phase II and III: Similar (but quantitatively different) expression trend between R and S responses. Tao and associates (2003) noticed that the difference in genomic responses to virulent and avirulent pathogens in A. thaliana was quantitative. A given gene tended to be induced or repressed in the same direction, but the HR-associated R response was quantitatively stronger in most cases. We noticed a similar trend in soybean occurring during Phases II and III of the interactions, which was visualized by plotting the differentially expressed genes of the 8 hpi R response and, keeping the genes in the same order along the x axis, plotting differential expression for S at 8 hpi, S at 24 hpi, and R at 24 hpi (Fig. 4) . The trend plot indicated that the genomic response to S and R interactions in soybean, as in A. thaliana, followed a similar trend. In general, genes that increased or decreased in abundance in the R response tended to be similarly represented in S response. Although the direction of differential expression tended to be similar with a coefficient of determination (r 2 ) between samples of at least 0.76, the degree of differential expression for many genes differed significantly between the R and S interactions, with the genes at 8 hpi showing a greater degree of differential expression than at other timepoints. The degree of expression level change was R 8 hpi > R 24 hpi > S 24 hpi > S 8 hpi.
Although the general trend of expression of this 8 hpi gene set was the same, many individual genes had a statistically significantly different response when comparing treatments at a P value cutoff of 0.0001. Statistical analysis allowed for the identification of gene transcripts that were significantly altered during both the R and S interactions compared with the MgCl 2 control. The Phase II 8 hpi analysis identified 398 gene transcripts as being commonly altered in both R and S responses in comparison to the MgCl 2 control, 310 genes being activated and 88 suppressed. We divided these 398 genes into two groups. The first group consisted of 124 genes, in which the difference in transcript level between R and S was not significant (Fig. 3B) . The second group consisted of 274 genes showed a significant difference in transcript level between the R and S responses (Fig. 3C ). The categories (ignoring miscel- laneous, no hits, and unknown) with the highest number of significantly differentially expressed genes were defense, heat shock, secondary metabolism, and signaling (Fig. 3C ). All or most of the gene transcripts in the above categories were increased in abundance. For example, genes showing homology to heat-shock proteins HSP 60, 70, 80, 91, and DNAK were all increased in abundance. Many genes homologous to defenserelated genes were also increased, but two such genes, a homolog of PAR-1b (AW307505) and an MLO-like gene (BE020055) decreased. As an indicator of responses to changes in oxidization levels, several genes in the oxidation category (e.g., GST, AOX, peroxidase) increased; however, most of the lipoxygenase homologs decreased. In Phase III, sampling at the 24 hpi timepoint revealed a common set of 615 gene transcripts that were elevated and 294 reduced in abundance in both R and S, as compared with the MgCl 2 infiltration control. As an indication that both R and S plants were undergoing a high degree of stress during Phase III, many homologs of secondary metabolism genes were increased in transcript abundance in both T24 groups ( Fig. 3D and E). Transcripts of protein synthesis-related genes, such as ribosomal subunits, were also increased in common responses of R and S (no significant difference between R and S). Ten LRR-type R gene homologs (AW432320, AI496325, AI496590, AW423328, AW509337, AW185705, BE020602, AW203459, AW423913, and AI461033) increased in both treatments and two LRR-type homologs (AW307311, AW100734) were significantly decreased in abundance in both R and S at 24 hpi. Two of these LRR-type homologs (AW203459, AW423913) were significantly higher in R than S at 24 hpi, whereas two (AI461033, AW100734) were significantly higher in abundance in S than R at 24 hpi.
On the trend plot (Fig. 4 ) one can notice a peak during Phase III in the 24 hpi R response (T24-R) that deviated from the trend. This peak also was weakly apparent in S at 24 hpi. Unlike the other genes on this trend plot whose differential expression in T8-R was higher than T24-R in this region, 304 genes showed higher transcript abundance in T24-R than in T8-R samples. About one third (106 out of 304) of these genes were annotated as being related to ribosomes.
Phase II and III: S-specific expression.
Of the 3,897 differentially expressed genes across the study, only 45 were specific to the S response. The major categories of these 45 genes were, listed in order of frequency, signaling, unknown, no hits, defense, and miscellaneous (Fig. 3F ). Although these genes were S specific during Phase III in the T24 samples, none were also S specific in the Phase II T8 samples, and therefore, no gene was identified as being S specific across all timepoints. Virtually all of these S-specific genes (44 out of 45) increased in transcript abundance in S when compared with the MgCl 2 control. Some examples of genes in this group were R gene homologs (AI973594, AW234414, and AW756306), G-protein related (BE021450, AW307062 and AW306804), and protein kinase homologs (AW306978, AW706972, AI900656, AI437496, and AI855716).
Phase II and III: R-specific expression.
Differential gene expression between R and S was striking in Phase II and III. Approximately one tenth (2,229) of the 27,684 genes screened were differentially expressed between R and S at 8 hpi, based on transcript levels, and one twentieth (1,216) of the genes at 24 hpi. These genes included some involved in many plant processes previously shown to respond to biotic and abiotic stresses, such as genes involved in modifying cell walls, membranes, proteins, nucleic acids, cytoskeleton, signaling, primary and secondary metabolism, energy, and oxidation states ( Fig. 3G and H) . The relative gene expression of 3,897 genes expressed as t value (fold change divided by standard error) of expression differences comparing R with MgCl 2 at T8 (R-T8), R to MgCl 2 at T24 (R-T24), S to MgCl 2 at T8 (S-T8), and S to MgCl 2 at T24 (S-T24). Gene order along the x axis was determined by expression level at R-T8 samples. Other plots were drawn keeping the gene order the same as in R-T8. B, Several other functional classes were also strongly associated with downregulation in the incompatible R interaction. A total of 17 of the 19 lipoxygenase genes (28 spots falling into eight different The Institute of Genomic Research (TIGR) tentative consensuses (TC) and 11 singletons) that showed differential transcript levels during the entire experiment were reduced in abundance. The only lipoxygenase transcripts that had an increased abundance were AI938417 and AW832618. Aquaporin transcripts were mostly reduced in R, with 24 of 32 specifically decreased in abundance during Phase II. Only one putative aquaporin (AW472220) showed a significant increase in RNA abundance in both R Phase II and III samples. Disturbance of the cytoskeleton during Phases II and III was apparent, as 51 of the 56 differentially expressed genes annotated as being related to actin, tubulin, and other cytoskeleton components decreased in abundance during the experiment, with seven (AI441284, AI901241, AI443426, AW832640, AI443445, AW666395, and AW394446) and 26 being R specific at both 8 and 24 hpi, respectively. The only cytoskeletal gene homolog that was R specific and increased in abundance at 8 hpi was a putative tubulin folding cofactor B (AI443429), whereas a putative actin organization protein, Villin 2 (AW707001), and an actin depolymerizing factor (AW397117) specifically increased in the R response during both Phase II and III. Additional categories that were Fig. 5 . False-color images of photosystem II operating efficiency of inoculated and uninoculated leaflets and dark-adapted F v /F m of the same inoculated leaflet. R = infiltration with Pseudomonas syringae pv. glycinea provoking hypersensitive response-associated resistance, suspended in 10 mM MgCl 2 . S = infiltration with P. syringae pv. glycinea provoking susceptible interaction, suspended in 10 mM MgCl 2 . MgCl 2 = infiltrated with 10 mM MgCl 2 A, The area R showed significant depression (approximately 13%) of photosynthetic efficiency at 8 h postinoculation (hpi) in this false-color image of photosynthetic efficiency. B, False-color image of the Φ PSII of an uninoculated, control leaflet at 8 hpi. C, False-color image of the Φ PSII of the same infiltrated leaflet as in panel A, at 24 hpi. In area R, Φ PSII was depressed by 41%. D, False-color image of the dark-adapted F v /F m of same leaf infiltrated in panels A and C, at 24 hpi. Area R had 31% lower maximum operating efficiency than the rest of the leaflet. E, The reflected image of the same plant illustrates that there was no visible necrosis associated with any of the treatments at 8 hpi. As a consequence, the depressed Φ PSII can be directly linked to the impairment of photosynthetic electron transport. Areas S and MgCl 2 did not show depressions of Φ PSII outside the physical damage caused by the inoculation procedure (light blue circles noticeable in A and D. Scale bars represent 1 cm. The bar in panel B and the false-color scale (right) are applicable to all fluorescence images. 6 . Microarray verification using quantitative real-time reverse-transcription-polymerase chain reaction (QRT-PCR). Expression levels of selected genes that showed A, increased or B, decreased, respectively, levels of RNA abundance were reevaluated by QRT-PCR. Expression level change is given as log2-transformed fold change of resistant (R) or susceptible (S) treatments compared with the MgCl 2 . Black bars represent R treatment and white bars represent S treatment. QRT-PCR data represents the mean value obtained from three independent amplifications, and the error bars indicate the standard error of the mean. Error bars of microarray data provided by MAANOVA (Kerr et al. 2000; Wu et al. 2003) . Note that different scales are used in the graphs.
largely decreased specifically during the R response included genes annotated as pectin-related, proline-rich proteins, hormone-related except jasmonic acid-related (ABA and ethylene up and down), and genes specific to the anthocyanin branch of the phenylpropanoid pathway. We observed a possible interaction between the defense response and the gibberellic acid (GA) signaling pathway, as gene transcripts that are responsive to GA, such as GAI1 and GIP1 homologs, were decreased in abundance.
Differential levels of gene transcripts specific to R in Phase II and III included a large number of genes (over 100 genes in each group) involved in primary metabolism, membrane transport, gene regulation and signal transduction, and defense. In particular, we observed a striking pattern for genes involved in photosynthesis. Of the 27,684 genes represented on the microarrays, there were a total of 452 clones (equivalent to 296 TC or singletons) with an annotation related to chloroplast or photosynthesis, and 202 of these showed measurable differential expression. A total of 92% (186 of 202) of these chloroplastrelated genes were significantly reduced in transcript abundance during the R response. Focusing on the 8 hpi timepoint and removing the possible redundancies based on common TC numbers and common annotation produced a list of 94 decreased and 7 increased chloroplast-related gene transcripts showing significantly different abundance in R (Table 1) . One aberration was a putative nitrite transporter (AI437942) that was specifically reduced in abundance for incompatible Phase II samples but significantly higher in abundance in Phase III at 24 hpi compared with the S Phase III sample. In addition, only one gene annotated as being chloroplast-related, a putative ferrochelatase (AI938531), was significantly up in both R and S.
Miscellaneous observations of differential gene expression.
As an indication of a response to oxidative stress, all 24 GST out of the set of 3,897 differentially expressed genes were more abundant during the R response. Cellular proteins were also apparently undergoing significant modification and trafficking as indicated by the strong increase of gene transcripts similar to heat-shock proteins, proteases, and protein folding and prenylation enzymes. Heat-shock protein transcripts were largely increased in both R and S responses, but 18 increased and 8 decreased in the R response. A total of 100 proteolysisassociated gene transcripts were differentially expressed during the experiment, with 65 being up in their abundance compared with the control. Many of these proteolysis genes were apparently R specific, as 41 were specifically increased in R and 28 were specifically decreased in R. Three EST (AW099579, AW459597, and AW432994) that represented protein disulfide isomerase protein refolding enzymes were Rspecifically increased in Phase II but not in Phase III, as their level in the S sample was also significantly increased in Phase III T24 samples compared with the control. A total of 60 EST with similarity to calcium signaling genes were significantly differentially expressed during the experiment. Of these 60, 11 transcripts were specifically down in the R and 20 were specifically up in abundance. The increased calcium signalingrelated transcripts included four (AI460551, AW278834, AI437703, and AW433261) that had high homology to calmodulin and were also significantly increased in the T2 MgCl 2 versus the T2 untouched control.
Physiological measurements support downregulation of photosynthetic activity.
Chlorophyll fluorescence measurements revealed localized depressions (approximately 10%) in PSII operating efficiency (Φ PSII ) in areas inoculated with the R-inducing strain of P. syringae pv. glycinea, apparent in Phase II by 8 hpi (Fig. 5) .
Since there were no visible symptoms of damage at this stage, the decrease in Φ PSII was not associated with a change in leaf spectral properties and can be directly linked to a depression in photosynthetic electron transport. This decrease also correlated with an approximately 20% depression of the dark-adapted fluorescence parameter F v /F m (maximum quantum efficiency of PSII), interpreted under the conditions of the experiment, as direct damage to PSII reaction centers. After 8 hpi, the Φ PSII and F v /F m of areas infiltrated by the avirulence strain of P. syringae pv. glycinea continued to decrease, having values four times lower at 24 hpi (Fig. 5) . The virulent strain and MgCl 2 infiltration did not affect any of the chlorophyll fluorescence parameters outside the areas mechanically damaged by the infiltration procedure.
Verification of array data with quantitative real-time polymerase chain reaction.
As a means to validate the microarray results, 10 gene transcripts that were found to change in our microarray study were further analyzed with quantitative real-time polymerase chain reaction of reverse transcribed RNA (QRT-PCR) on an entirely new set of biological samples. The QRT-PCR results for a subset of genes indicated similar trends of changes in mRNA abundance consistent with the microarray results, supporting that the arrays accurately identified genes induced or repressed due to inoculation (Fig. 6 ). Within the set of verified genes, two induced within 24 h of inoculation with the R-inducing pathogen, a disease-resistance response-related gene (AI442071) and a protease inhibitor gene (AW433162). These two genes might represent good candidates as markers for HRassociated resistance in soybean, as both were highly up-regulated in the R response during Phase II and III, with virtually no change in the S response at these timepoints. The magnitude of change in expression level following the treatments typically was greater when determined by QRT-PCR than from the microarray experiment.
DISCUSSION
The response of soybean to inoculation with compatible and incompatible P. syringae pv. glycinea leading to susceptible or HR-associated resistance was analyzed using cDNA microarrays. By minimizing non-treatment related variation, utilizing an experimental design involving multiple technical and biological replicates and by analyzing the data by analysis of variance (ANOVA), we were able to provide strong statistical support (FDR < 1) that 3,897 genes responded during the course of the experiment. The complete experiment has been deposited in the NCBI Gene Expression Omnibus (GEO) database as accession number GSE2961.
Identifying significant gene-expression changes associated with Phase I, the induction stage for plant defense responses at 2 hpi.
Although differential gene expression was not as striking at 2 hpi as at other timepoints, there was a statistically significant change in the expression levels of 172 genes compared with the T2 null control, which was presumably in response to the physical treatment of the plants during inoculation and immediate stress signaling. A total of 77% (133 of 172) of the gene transcripts that were increased in T2 vacuum-infiltrated samples were also increased specifically in either the T8, T24, or both samples from either R or S interactions compared with the MgCl 2 T8 and T24 samples, indicating that many of these genes are apparently important players in defense to pathogens in addition to being early general stress-response genes. Many of these genes had annotations supporting a possible role in regula-tion of cellular physiology (i.e., transcription factors, LRR homologs, calmodulins), and our results are in agreement with other plant-pathogen studies of initial response to pathogen or stress, as detailed in several reviews (Lamb and Dixon 1997; Mahalingam and Fedoroff 2003; Scheel 1998; Wan et al. 2002) .
To identify genes that might be specifically affected by the bacterial pathogens during Phase I, it was necessary to utilize a less stringent P value reflective of the biology, as presumably few cells and few transcripts would be responding by 2 hpi compared with the other timepoints. Lowering the stringency of selection in this manner revealed the possible involvement of heat-shock proteins as an important early response in soybean to pathogen infections. In addition, several GST genes showed greater abundance in S treatment than in R treatment, which suggests a possible role in maintaining a lower oxidative state of the host in S than in R responsive tissue. As suggested by Noctor (2003, 2005) , balancing ROS and antioxidants is at the heart of fine control of environmentally induced conditions and could be a critical factor in determining the outcome of plant pathogen interactions.
During the effector or amplification Phase II (8 hpi), clear expression differences were observed between R and S.
In this current study, we identified differential levels of soybean homologs of several key genes, such as EDS1, NDR1, LSD1, and DAD1, all of which could be considered as modulators of the Stage II amplification phase. In A. thaliana, mutation of these genes leads to inability to effectively regulate PCD. Jabs (1999) suggested that such factors could serve as self-amplifying rheostats that sense and respond to a variety of signals, such as redox, SA, or ROS, to control PCD. Zhang and associates (2004) identified at least three feedback loops, involving NDR1, NPR1, and salicylic acid, in A. thaliana that control progression of HR-associated resistance induced by P. syringae.
ROS is a major signal leading to PCD. When plants are inoculated with an incompatible HR-inducing pathogen, a second, much more intense, burst of ROS is measurable, marking the transition from Phase I into Phase II (Doke 1983; Lamb and Dixon 1997) . This Phase II oxidative burst is generally lacking in compatible susceptible interactions. Levels of ROS can be influenced by various oxidative enzymes, such as NADPH oxidases, catalases, and peroxidases, found in several locations throughout a cell (Mahalingam and Fedoroff 2003) . The importance of these enzymes in defense was demonstrated by effects of exogenous H 2 O 2 leading directly to PCD (Levine et al. 1994 ) and H 2 O 2 produced in a catalase-deficient tobacco transgenic (Vandenabeele et al. 2003) as well as by antisense cytosolic ascorbate peroxidase transgenics that showed spontaneous cell death (Takahashi et al. 1997) , implying the inability to control amplification of PCD signaling. Smirnoff and Wheeler (2000) state that ascorbate peroxidase is emerging as the key enzyme in fine control of H 2 O 2 concentrations in plants. In our study, a range of expression patterns from oxidative enzymes suggest that their role in regulating ROS is complex.
The photosystem centers of chloroplasts are another potential source of ROS, and experimental evidence is mounting that PSII may be a major source of the large secondary oxidative burst specific to HR-associated resistance. The D1 subunit of PSII has evolved to be a labile protein, and its destruction leads to photooxidation of molecules in and around PSII, including formation of singlet oxygen and hydrogen peroxide (Barber and Andersson 1992; Foyer and Noctor 2003; Laloi et al. 2004) . It may seem paradoxical that D1 would be easily damaged as this leads to photoinhibition in strong sunlight (Barber and Andersson 1992) . However, it may be advantageous if plant cells could regulate the destruction and repair of D1, so as to tap the energy of the sun to rapidly generate high ROS levels during pathogen attack, therefore destroying the pathogen and defending against disease. D1 removal and replacement has been shown to be regulated in a complicated manner involving at least two proteolytic steps, the first involving an unknown GTP-dependent process and the second involving FTSH, an ATP-dependent protease (Spetea et al. 1999) . Reduction in levels of FTSH transcription was associated with HR in tobacco (Seo et al. 2000) as well as in Nicotiana benthamiana (Matsumura et al. 2003) . We also observed a reduced abundance of FTSH homologs (AW132483 and AW156684) during the HR-associated R response in our study. What triggers the initial damage and proteolysis of D1 during pathogen attack and how plant cells regulate the consequence of D1 destruction remains unknown. Does rapid D1 degradation during HR lead irreversibly to PCD, or can cells regulate the progression of D1 degradation and advancement of the HR, so as to generate an environment that is temporarily lethal to the pathogen without necessarily provoking death of the plant cell? That some plant-pathogen interactions can lead to gene-for-gene specific HR-associated resistance without cell death (Bendahmane et al. 1999; Clough et al. 2000) suggests that the intensity of the HR can be regulated. In addition to leading to pathogen damage, damaged PSII would also lead to reduction in sugar production, thereby limiting the amount of energy available to support rapid growth of a pathogenic microbial population. Likewise, the reduced production of aquaporins as noted in Phases II and III could reduce photosynthesis (Aharon et al. 2003; Lawlor 2002) as well as prevent bacterial multiplication by keeping water from the apoplast (Wright and Beattie 2004) .
Interestingly, pathogens seem to have evolved to tap into the ability of a potential host to initiate a defense reaction, for it has been shown that, if the HR is successfully blocked, a pathogen may lose its ability to provoke disease and colonize the tissue. For example, transgenic tomato plants expressing the p35 protein (a protease-inhibitor that blocks apoptosis in insects) were defective in HR but also had increased resistance to a broad range of tomato pathogens, suggesting that successful parasitism depended upon achieving the partial activation of the plant PCD system (Lincoln et al. 2002) . It would be interesting to know if p35 affects the proteases that degrade D1.
The possible strategy of tapping into the light-harvesting energy of the chloroplasts to generate ROS for defense was first proposed by Allen and associates (1999) . Asparagus sprengeri suspension cells were used to produce evidence that chloroplast electron transfer is disrupted during HR-associated resistance and that the photosystems may be generating a light-inducible HR-specific ROS, presumably the result of PSII still being oxidized in the light during the oxidative burst (Allen et al. 1999) .
As in the study of Allen and associates (1999), we also observed a reduction in photosynthesis following inoculation with the pathogen. We observed 94 of 101 differentially expressed chloroplast-related genes being down in abundance, likely coordinately regulated in response to changes in the redox state of the cell (Pfannschmidt 2003) . In addition, physical measurements of the spatial pattern of chlorophyll fluorescence on attached soybean leaves indicated that depressions of Φ PSII during Phase II at 8 hpi in leaf areas infiltrated with the HR-inducing strain of P. syringae pv. glycinea were caused by direct damage to PSII reaction centers (Fig. 5) . This damage could occur by D1 degradation, as discussed above, in addition to the direct action of HR-induced ROS on the photosynthetic machinery or as a consequence of localized apoptosis and associated changes in the pigment matrix.
The similarity of our transcript profiling data to changes in expression levels observed in CAT1AS, a catalase-deficient to-bacco transgenic (Vandenabeele et al. 2003) , provides additional support for the role of ROS in signal transduction leading to HR-associated resistance in soybean. When CAT1AS plants were induced by light stress to generate high levels of H 2 O 2 , transcripts induced included those predicted to be heat-shock protein, transcription factors, proteases, transporters, hormone synthesizers, and many others that are homologous to those observed to be expressed in an R-specific manner in our study.
Although we noted decreased abundance of nearly 100 chloroplast-related genes, we also noted activation of seven chloroplast-related genes in response to R. These up-regulated genes (such as AI441654, a putative photoreceptor-interacting protein) are candidates for being possible players in the activation of photoinhibition during HR-associated resistance. One such gene that just missed the P ≤ 0.0001 cutoff to make the list (Table 1) of chloroplast-related genes that were differentially expressed at 8 hpi was AI901230, an LLS1/ACD1 homolog. Mutations in LLS1 or ACD1 caused plants to lose their ability to restrict lesion spread (Gray et al. 1997; Greenberg and Ausubel 1993) . Interestingly, this LLS1/ACD1 homolog was slightly down-regulated in S at 8 hpi (log2 ratio of -0.45, P = 0.0028) and slightly up in R at 8 hpi (log2 ratio of 0.53, P = 0.000116), further supporting its possible importance in defense. LLS1/ACD1 has been identified as a pheophorbide a oxygenase, which is a Rieske-type iron-sulfur cluster-containing enzyme that regulates chlorophyll catabolism, specifically the degradation of pheophorbide (Pruzinska et al. 2003) . That lls1 and acd1 mutants fail to limit lesions suggests that chlorophyll breakdown is required for mediation of the HR (Gray et al. 1997; Greenberg and Ausubel 1993) .
Phase III: Cell destruction and repair.
In Phase III, plant cells of resistant tissue are either undergoing PCD, actively protecting themselves from PCD, or both. Many genes reported to be related to plant PCD were observed to be differentially expressed in our study. However, many of these PCD-related genes were not completely R specific but were also similarly induced or repressed in the compatible S interaction in either Phase II, Phase III, or both. Genes specifically induced during Phase III HR-associated R and annotated as PCD-related included: AW508851 (HR inducer), AW395910 (HR inducer), AI440598 (PCAR, apoptosis-related protein in human), AW432916 (NDR1/HIN1-like), AI440724 (NDR1/ HIN1-like), and AI901230 (LLS1/ACD1-like protein). The only HR-specific, down-regulated genes were AW424240 (Avr induced), BE020921 (harpin induced), AI900637 (NDR1/HIN1-like), and AI442370 (TED4, apoptosis inhibitor). That two NDR1/HIN1 homologs had opposite expression patterns is probably a reflection of incomplete sequence information, as the two EST fit into two different TC, and AI900637 is 87.8% similar to NDR1/HIN1 over 78% of its sequence, while AI440724 is 82% similar over just 43% of its sequence, suggesting the possibility that these are two different but closely related genes.
Oxidative signaling and damage leads to necrosis. If oxidizing free radicals can be scavenged by antioxidants, necrosis and host-cell damage can be minimized. For example, ROS scavengers allowed P. syringae to multiply to higher numbers in tobacco (Keppler and Baker 1989) . Overexpressing ferritin, a protein that sequesters iron, which is the major generator of the hydroxyl radical (OH•), prevented stress-induced necrosis, including that induced by necrotrophic plant pathogens (Deák et al. 1999) . Therefore ROS scavengers may benefit both host and pathogen. A major class of antioxidants in soybean is the isoflavones, which benefit soybean by being both antioxidative and antimicrobial. Lamb and Dixon (1997) suggest that the isoflavonoid phytoalexin pathway might have evolved for oxidative defense and, therefore, may be major players in regulating the degree of oxidative signaling and cellular damage. A strong induction of the flavone and isoflavone branches of the phenylpropanoid pathway (Winkel-Shirley 2001) was observed in both Phase II and Phase III samples.
Oddly, lipoxygenases were largely down-regulated in our study, while many other reports have stated that lipoxygenases are often stress-and pathogen-induced (Keppler and Novacky 1987; Koch et al. 1992; Rusterucci et al. 1999) . Our data, supported by Moy and associates (2004) , who also noted a consistent reduction in lipoxygenase mRNA abundance in soybean infected with a virulent strain of Phytophthora sojae compared with a healthy control, suggests that lipoxygenases might respond differently in soybean than in some other plants in response to pathogen.
Cells were actively responding to protein and cellular damage in our study, as noted by the increase in ribosomal gene expression during Phase III for the R samples. It is uncertain if this apparent increased protein synthesis is generated from individual cells triggered for R or from neighboring cells that are not undergoing PCD. This increase in protein synthesis might also be indicative of the need to redirect cellular resources.
Summary.
The presented expression study identified nearly 4,000 genes that were differentially expressed due to pathogen inoculation and provides a large pool of genetic material for further in-depth analyses of the role of specific genes in pathogen defense. For example, many of the differentially expressed genes had homology to regulatory and signal transduction-related genes and over 1,000 genes were of unknown function. Our study also further supports the developing theory that chloroplasts may be key players in plant defense, as the loss of integrity of PSII, specifically subunit D1, may be the source of the HR-associated oxidative burst and would also lead to limited amounts of available simple sugars, thereby restricting pathogen growth. Discovering how plants regulate the destruction and repair of PSII during defense promises to be fascinating and may generate strategic targets for genetic enhancement of disease resistance.
MATERIALS AND METHODS
To enhance our ability to identify the genes that were differentially expressed in response to inoculation, several steps were taken to minimize the biological variation not related to our specific treatments. One step was to use a soybean cultivar that has gone through years of selfing, resulting in highly homozygous individuals and providing low plant-to-plant genetic variation. Second, an environmental growth chamber was used to provide consistent, controlled conditions for each set of biological repeats. Third, the tissue assayed was from fully expanded primary leaves that should have been undergoing little new growth or development. Fourth, we pooled leaves from multiple plants as the source of RNA. Fifth, we employed a loop experimental design that included multiple technical replicates per treatment. Sixth, the entire experiment was repeated and all data from both biologically repeated experiments were processed together, resulting in an overall experimental false discovery rate that was less than one.
Plant treatment and RNA isolation.
Soybean ( . To enhance stomatal opening, the growth chamber was kept under high humidity by flooding the chamber floor with water the day prior to inoculation. Plants were inoculated approximately 14 days after planting, when the primary unifoli-ate leaves were completely expanded and the first trifoliate leaves were beginning to emerge. Inoculations were performed about 3 to 5 h after the day cycle began by inverting the pot (wrapped with parafilm the day before to prevent soil from falling out) into a 500-ml beaker filled with inoculum and were closed within a vacuum chamber. Vacuum was drawn for about 90 s and then was released rapidly, forcing the inoculum in through the open stomata and throughout the apoplastic space. Poorly infiltrated leaves (less than about four-fifths infiltrated) were not collected for analysis. Immediately after infiltration, the parafilm was removed and plants were placed back in the growth chamber. Bacterial inocula consisted of the strain P. syringae pv. glycinea race 4, with or without the avirulence gene avrB, on plasmid pVB01 suspended in 10 mM MgCl 2 at a concentration of 0.02 A 600 (corresponding to approximately 2 × 10 7 CFU ml -1 ). Control leaves were vacuum-infiltrated with 10 mM MgCl 2 . At 2 hpi, we also harvested leaves from plants that were not infiltrated, as "untouched" control. To obtain sufficient material and to minimize leaf-to-leaf variation, unifoliate leaves from three to four plants (five to eight leaves) were pooled. Collected leaves were immediately frozen in liquid nitrogen and were stored at -80°C before RNA extraction. The entire experiment was repeated one month later.
Total RNA was isolated, following the manufacturer's protocols, from pulverized, frozen tissue using TRIzol reagent (Invitrogen, Carlsbad, CA, U.S.A.) and Phase Lock Gel-Heavy (Brinkmann Instruments, Inc., Westbury, NY, U.S.A.). Samples were checked with a BioAnalyzer 2100 (Agilent Technologies, Palo Alto, CA, U.S.A.) to verify that RNA had not degraded, and the concentration of RNA in each sample was determined with a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, U.S.A.).
Construction of cDNA microarray.
The complete description of array construction has been described elsewhere (Vodkin et al. 2004) . In brief, EST from 25 libraries representing cloned cDNA from a variety of tissues such as embryo, seed coat, flower, pod, root, stress-treated seedlings, and pathogen-infected tissue, were contigged to identify unigene sets to constitute rerack libraries Gm-r1021, Gm-r1070, Gm-r1083, and Gm-r1088. PCR products of the cDNA inserts of these clones were spotted, to generate three slide sets of 9,216 genes (27,648 total) per slide. Photosynthetic tissue represented the source of 69.6% of all genes, with root tissue being the source of 30.1%. Approximately one-fifth (1,784) of the rootderived genes came from Rhizobium-inoculated tissue. Genes from hormone-treated tissue made up 7.46% of the array, whereas cold, salt, drought, and pathogen-stressed tissue represented the source of 4.7, 0.7, 2.3, and 3.5% of the genes, respectively. All cDNA clones are available to the public from either Biogenetic Services (Brookings, SD, U.S.A.) or the American Type Culture Collection (Manassas, WV, U.S.A.).
As the construction of these soybean microarrays was based on cDNA sequence information, it is possible that some genes are represented by multiple clones. Although much effort was taken to minimize duplication, the maximum level of such redundancy for these soybean arrays has been estimated to be approximately 20%, meaning that the total number of unique genes assayed by the three slide sets is no lower than 22,000 (Vodkin et al. 2004 ).
Annotation and functional classification.
Annotations were based primarily on TIGR annotation as of December 2003, and secondarily using BLAST-X against the NCBI nonredundant database (Shoemaker et al. 2002; Vodkin et al. 2004) . To simplify discussion of the large dataset, gene annotations were used to classify each gene into one of 16 functional categories: cell wall/cell development, cytoskeleton, defense, DNA/RNA, energy, fatty acid, heat-shock, hormone, membrane, oxidation, primary metabolism, protein, secondary metabolism, senescence, signaling, and stress (Table 2 ). The miscellaneous category was used for genes that did not fit into any of the above categories, the unknown category was used for genes that matched only a hypothetical or uncharacterized gene, and the no hit category was used for genes without significant homologs in sequence databases. Classification calls for genes that could fit multiple categories were prioritized as follows: signaling > energy > enzymology/function > response to specific stimuli > defense. Defense was our lowest priority because this was a study of a plant's response to pathogens and, therefore, all genes differentially expressed could be considered as defense-related. Nearly three-fourths (72%) of the genes had annotations allowing classification, and the other 28% were classified as either unknown (18%) or no hits (10%).
Preparation of fluorescently labeled probes.
Fluorescently labeled cDNA probes were prepared by reverse transcription of total RNA in the presence of amino-allyl-dUTP (aa-dUTP; Sigma, St. Louis), followed by coupling either with Cy3 or Cy5 monofunctional dye (Amersham Pharmacia Biotech, Piscataway, NJ, U.S.A.). The reverse transcription reaction was performed using 30 to 40 µg of total RNA concentrated to an 11-µl volume in a vacuum centrifuge. A sample of 11 µl RNA and 2 µl oligo d(T) 25 (3 µg/µl) was mixed and heated at 70 o C for 10 min and was immediately chilled on ice for 10 min. Following centrifugation for 30 s at 13,000 × g, 17 µl of reverse transcription master mix (0.5 mM each of dATP, dCTP, and dGTP; 0.3 mM dTTP; 0.2 mM aminoallyl-dUTP [all nucleotides from Sigma]; 10 mM dithiothreitol [DTT] [Invitrogen]; 400 units of Superscript III reverse transcriptase [Invitrogen] ; and 1× RT reaction buffer [Invitrogen] ) was added for a total volume of 30 µl. After a 3-h incubation at 50°C, RNA was hydrolyzed by addition of 10 µl 1 M NaOH and 10 µl 0.5 M EDTA (pH 8.0) and was incubated for 15 min at 65°C. Samples were neutralized with 10 µl 1 M HCl. Newly synthesized cDNA was purified using QiaQuick PCR purification columns (Qiagen, Valencia, CA, U.S.A.) with modified Tris-free buffers (100 ml of wash buffer: 0.5 ml of 1 M KPO 4 [pH 8.5], 15.25 ml of H 2 O, 84.25 ml of ethanol; 10 ml of elution buffer: 0.04 ml of 1 M KPO 4 [pH 8.5], 9.96 ml of H 2 O). Successful reverse transcription was verified by measuring light absorption at 260 nm on a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies) to determine that cDNA yield corresponded to about 2 to 4% total RNA. Samples were dried by centrifugation under vacuum, followed by suspension in 4.5 µl of 0.1 M carbonate buffer (1 M NaHCO 3 made fresh monthly and adjusted to pH 9.0 using concentrated HCl). An addition of 4.5 µl of Cy3 or Cy5 monofunctional dye (#PA23001 and #PA25001 [Amersham Pharmacia], each tube of dye suspended with 73 µl of anhydrous dimethyl sulfoxide [Aldrich, Milwaukee, WI, U.S.A.] pipetted in single-use aliquots and stored at -80°C) was added to each sample. Labeling reaction was incubated for 1 h at room temperature in the dark. Unincorporated dyes from Cy3 and Cy5 reactions were removed using QiaQuick PCR purification columns (Qiagen). The column eluates were combined and the fluorescent labeling was verified using the NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies). Light absorption at 260, 550, and 650 nm was measured to determine the concentration of cDNA and incorporated Cy3 and Cy5, respectively.
Hybridization, wash, and scan.
To the purified labeled probe (concentrated to 34 µl), 2 µl Poly d(A) 50 (50 µg/µl) was added, and this solution was placed into just-boiled (95 to 99°C) water for 3 min. After centrifugation at 13,000 × g for 1 min, 36 µl of 2× hybridization solution (50% formamide, 10× SSC [1× SSC is 0.15 M NaCl plus 0.015 M sodium citrate], 0.2% sodium dodecyl sulfate, preheated to 42°C) was added. The solution was then pipetted onto a slide containing the array under a glass coverslip (LifterSlip, Erie Scientific Co., Portsmouth, NH, U.S.A.) and was incubated in a sealed chamber within a 42°C water bath for 16 to 24 h, and then, was washed (Hegde et al. 2000) and scanned for fluorescence emission using a Perkin-Elmer (Foster City, CA, U.S.A.) ScanArray Express microarray scanner.
Experimental design and data analysis.
Images were analyzed with GenePix version 4.0 software (Axon Instruments, Union City, CA, U.S.A.) to generate fluorescent intensity and background values for each spot in both the Cy3 and Cy5 channels. TIF images and GenePix result data files were uploaded into GeneTraffic (Iobion, La Jolla, CA, U.S.A.) for quality-control analyses. A loop design (Fig. 2) was used, and microarray expression data from GenePix result files was analyzed using the R/MAANOVA statistical program (Kerr et al. 2000; Wu et al. 2003) . Each experiment was replicated twice in three sets of slides, each representing a different set of 9,726 soybean expression sequence tags. This multiloop design permitted the effective estimation of timepoint and treatment effects represented in each sample while accounting for other sources of variation. The response variable studied was the log2 of the normalized, background subtracted fluorescence intensity. A global normalization (glowess) was applied to the intensity data. These observations were analyzed using a linear mixed effects model. The fixed effects terms included in the model were dye and sample (time-treatment combination). The model also included the random effect of array. The array and errors were assumed to be normally distributed. The overall experiment effect was computed for each gene spotted, and the P values were adjusted for multiple testing, using the false discovery rate criterion of Benjamini and Hochberg (1995) . Only those genes with P ≤ 0.05/9,726 or 0.000005 were considered for further study, as each print library of 9,726 spots was analyzed separately.
QRT-PCR.
Total RNA was purified as described above for microarray analysis but purification was followed by a DNA removal treatment using the Ambion DNA-free kit (Ambion, Inc., Austin, TX, U.S.A.) to remove traces of genomic DNA. Purified, DNA-free, total RNA (1 µg) was converted into first strand cDNA by reverse transcription. RNA was denatured at 65°C for 5 min, followed by quick chilling on ice in a 13-µl reaction containing 1 µg of oligo(dT) 25-mers and water. After the addition of 4 µl of 5× reaction buffer (Invitrogen), 2 µl of 0.1 M DTT and 1 µl of 10 mM dNTPs, the reaction was preheated to 42°C for 2 min before adding 1 µl (200 units) of Superscript II reverse transcriptase (Invitrogen), followed by incubation at 42°C for another 50 min. After terminating the reaction by heating at 70°C for 15 min, the final reaction mix was diluted in water to a volume of 200 µl. Controls (minus reverse transcriptase enzyme) were also included for each sample. cDNA was then quantified by PCR. Primers were designed using Primer Express 2.0 software (Applied Biosystems, Foster City, CA, U.S.A.). PCR reactions were carried out in a total volume of 25 µl containing 0.2 µM of each primer (forward and reverse), 1× SYBR green PCR master mix (Applied Biosystems), and 5 µl of cDNA template. Reactions were amplified in an ABI PRISM 7900HT (Applied Biosystems) as follows: 50°C for 2 min, 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 59°C for 1 min. A soybean β-actin (AW350943) was used as internal standard to normalize the small difference in template amounts, with the forward primer 5′-CAATCCCAAGGCCAACAGA-3′ and reverse primer 5′-ATGGCAGGCACATTGAAAGTC-3′. This actin control was chosen based on microarray experiments that identified this gene as one that did not vary significantly during either the R or S treatments. All reactions were conducted in triplicate. Quantification was based on a Ct value, which is the PCR cycle number when reaction exceeds a threshold value that is arbitrarily set in the exponential phase of reaction fluorescence. The specificity of the primers was validated by the dissociation curves after the QRT-PCR.
Chlorophyll fluorescence measurements.
Chlorophyll fluorescence measurements were collected, using an imaging chlorophyll fluorometer (Walz Imaging PAM, Walz GmbH, Effeltrich, Germany). The area viewed by the fluorometer (2 × 3 cm) was illuminated with 93 µmol m -2 s -1 proton flux density (PFD) (blue). Chlorophyll fluorescence parameters were measured under steady-state lightadapted conditions. The minimum fluorescence in the lightadapted state (F′) was measured with the measuring pulse from the fluorometer (Baker et al. 2001) , using an intensity of 5 and camera gain of 7 (instrument settings). An image of the maximum fluorescence (F m ′) was collected following a 1-s saturating pulse (approximately 2,500 µmol m -2 s -1 PFD). The Φ PSII was calculated as the quotient (F m ′ -F′/F m ′) (Baker et al. 2001; Oxborough 2004) . At a given incident irradiance and leaf absorbance, Φ PSII is directly proportional to the rate of electron transport through PSII reaction centers (Genty et al. 1989; Oxborough 2004; Rolfe and Scholes 1995) . To determine the operational status of PSII reaction centers, darkadapted measurements were performed on infected plants 24 hpi, after an 8-h dark period. Images of the minimum (F 0 ) and maximum (F m ) fluorescence yield in the dark were collected similarly to the light-adapted measurements. The maximum quantum efficiency of PSII in the dark-adapted state (F v /F m ,) was calculated as (F m -F 0 )/F m (Baker et al. 2001; Oxborough 2004) . Following long periods of dark treatment a nearly complete reversal of nonphotochemical quenching can be achieved, thus the value of F v /F m is only influenced by the photochemical status of PSII reaction centers. Decreases in this parameter can then be interpreted as decreases in the rate constant for photochemistry (k P ), thus direct damage of PSII reaction centers (Oxborough 2004) .
